Cyclotides are plant-derived, cyclic miniproteins with three interlocking disulfide bonds that have attracted great interests because of their excellent stability and potential as peptide therapeutics. In this study, we characterize the cyclotides of the medicinal plant Clitoria ternatea (butterfly pea) and investigate their biological activities. Using a combined proteomic and transcriptomic method, we identified 41 novel cyclotide sequences, which we named cliotides, making C. ternatea one of the richest cyclotide-producing plants to date. Selected members of the cationic cliotides display potent antibacterial activity specifically against Gram-negative bacteria with minimal inhibitory concentrations as low as 0.5 lM. Remarkably, they also possess prominent immunostimulating activity. At a concentration of 1 lM, cationic cliotides are capable of augmenting the secretion of various cytokines and chemokines in human monocytes at both resting and lipopolysaccharide-stimulated states. Chemokines such as macrophage inflammatory proteins 1a and 1b, interferon c-induced protein 10, interleukin 8 and tumor necrosis factor a were among the most upregulated with up to 129-fold increase in secretion level. These findings suggest cyclotides can serve as potential candidates for novel immunomodulating therapeutics.
Introduction
Plants are a rich source of bioactive compounds that are of great values as starting points for drug development. However, peptides and proteins of plant origin have been underexplored because of the general perception of their susceptibility to denaturation by heat, enzymes and chemicals. In the last two decades, this dogma has been challenged by the discovery of heatstable cysteine-rich peptides (CRPs) of plant origin. CRPs are well represented throughout the plant kingdom and include a diverse suite of gene-encoded peptides and small proteins ranging from 2 to 10 kDa with high cysteine content [1] [2] [3] . Of particular interest among CRPs is a special class of miniproteins called cyclotides.
Cyclotides are an unusual, large and diverse family of plant macrocyclic miniproteins. The name cyclotide was coined based on their characteristic cyclic nature in which the N and C termini are joined together by a peptide bond to form a cyclic, continuous backbone with no ends. They are ribosome-derived and a mature cyclotide, upon being processed from a larger precursor, consists of approximately 30 residues. Cyclotides possess six strictly conserved cysteines that form three disulfide bonds arranged in a knotted topology. This cyclic cystine knot feature of cyclotides is responsible for their compact structure and exceptional stability against heat, chemicals and proteolytic enzymes [4] . Based on their topology and sequence features, cyclotides can be divided into three subfamilies, M€ obius, bracelet and hybrid. The M€ obius cyclotides are characterized by the presence of a cis-Pro residue in loop 5, which causes a local 180°backbone twist resembling a M€ obius strip, whereas bracelet cyclotides lack this residue [5] . Hybrid cyclotides typically have a M€ obius-like loop 2 and/or loop 3, but lack the characteristic cis-Pro in loop 5 [6] .
Furthermore, the intercysteine sequences, or loops, in cyclotides are hypervariable, making them a naturally occurring combinatorial library of cyclic peptides [7] . These defining features of cyclotides have led to their gaining attention as potential leads for development of novel peptide therapeutics. Indeed, the cyclotide scaffold has been used for peptide therapeutic engineering. When known bioactive peptides such as vascular endothelial growth factor A [8] and bradykinin B1 receptor antagonists [9] were grafted onto the cyclotide template, their serum stability and oral activity were markedly increased.
Cyclotides display a broad range of biological activities. Their natural function is thought to be plant defense. This view is supported by studies showing that selected members of the cyclotide family possess one or multiple bioactivities such as insecticidal [10] , anthelmintic [11] , molluscicidal [12] and antifouling [13] . A number of pharmaceutically relevant activities have also been discovered for various cyclotides, including uterotonic [14] , antimicrobial [15] [16] [17] , anti-HIV [18] [19] [20] [21] , anticancer [22] , hemolytic [23, 24] and neurotensin-binding antagonistic effects [25] . In a recent study, the prototypic cyclotide kalata B1 and its mutants appeared to suppress the proliferation of human T-lymphocytes by inhibiting the interleukin (IL)-2 pathway [26] .
Since the discovery by Lorents Gran in 1973 of kalata B1 as the active principle of a traditional African medicine decoction of the plant Odenlandia affinis for accelerating childbirth [14] , approximately 300 cyclotides have been isolated in five plant families [27] , namely the Violaceae (violet), Rubiaceae (coffee), Cucurbitaceae (squash), Solanaceae (potato) and Fabaceae (legume). Cyclotides are most widespread in Violaceae, with all examined species found to be cyclotide-producing [28, 29] . In Rubiaceae, cyclotides have been found in nine species [30] [31] [32] . In contrast, few cyclotide-producing plants are found in Cucurbitaceae [33] , Solanaceae [34] and Fabaceae [16, 35] . However, screening efforts are still ongoing and it is estimated that the number of cyclotide-producing plants in nature may reach thousands. It is noteworthy that a single species is estimated to produce a suite of cyclotides, hence the actual number of cyclotides could be as many as 150 000 [36] .
Clitoria ternatea, a widely used medicinal herb in traditional Indian Ayurveda medicine, is the only known cyclotide-producing species in the Fabaceae. Previously, 12 cyclotides from C. ternatea (cliotide T1-T12) have been characterized by our group [16] and 14 other sequences (Cter A-L, Cter N and Cter O) reported by Poth et al. [35, 37] . In Ayurveda, C. ternatea root is usually cited as an antimicrobial, an antipyretic, a laxative, an antidepressant and a tonic of the nerves [38] . Interestingly, the root of C. ternatea is also the part that contains the highest concentration of cyclotides [16] .
In this study, we report the discovery of novel sequences and pharmacological activity of cyclotides from C. ternatea. Using a combined proteomic and transcriptomic method, we discovered 41 novel cyclotide sequences, of which three were isolated at protein level, 32 at transcriptome level and six at both protein and transcriptome levels. The new cyclotides are designated as cliotide T13-T53, which are abbreviated as cTx hereafter, with x denoting the order of discovery. This brings the total number of cyclotides reported from this plant species to 67, making it one of the richest cyclotide-producing plants to date [39] . We demonstrated that certain cationic members of these cyclotides possess potent antibacterial activity and elucidated their mechanism of action using atomic force microscopy. Remarkably, they also display an immunostimulating effect, promoting cytokine secretion from human monocytes in both resting and activated states.
Results

Novel cliotides isolated from roots and seed coats
In our previous study, we demonstrated that cyclotides are present in all tissues of C. ternatea, including shoots, leaves, stem, flowers, pods, seeds, nodules and roots [16] . Tissue-specific distribution analysis showed that the seeds and especially the roots contained the most diverse set of cyclotides, a large number of which still remained uncharacterized. Here, we isolated and characterized nine novel cyclotides in C. ternatea, of which two sequences are from the seed coat (cT13 and cT14) and seven sequences from the root (cT15-cT21). Figures 1 and 2 show their occurrence in seed and root tissues and Table 1 presents their sequences together with all other cyclotides identified so far in C. ternatea at protein level. Briefly, fresh C. ternatea seed coat and root were extracted with 5% ethanol and purified through several rounds of flash chromatography and HPLC. Since cationic cyclotides might not be captured effectively by conventional reverse-phase chromatography, a purification step using strong cation exchange was also employed to facilitate the purification. On average, we were able to obtain 1 g cliotides per kilogram of fresh C. ternatea using this protocol, which is among the highest yields reported so far for cyclotide extraction [40] .
To identify the purified cliotides, a proteomic analysis was performed. Each purified cliotide was disulfidereduced (S-reduced) with dithiothreitol, S-alkylated with iodoacetamide (IAA) and digested with trypsin or chymotrypsin, or endoproteinase GluC. The resulting fragments were sequenced by tandem mass spectrometry and their sequences were deduced by analysis of band y-ion series in their profiles. The cyclic backbone of each cliotide was confirmed by the presence of overlapping fragments. As an example, the MS/MS spectrum of cT13 is shown in Fig. 3 . Upon reductionalkylation, the mass of cT13 increased by 348 Da, which corresponded to six IAA-tagged Cys, to give an m/z of 3647. Enzymatic digestion with trypsin and endoproteinase GluC both gave a single fragment with m/z of 3665 resulting from the linearization of the Salkylated peptide (Fig. 3, upper panel) . Overlapping enzyme-digested fragments allowed determination of the full-length sequence (Fig. 3A,B) . Assignment of Leu/Ileu was based on sequence homology. Similar procedures were carried out for sequencing of the remaining cliotides. Table 1 shows the full set of cliotides identified at protein level in C. ternatea from this work as well as previous works. They display typical features of cyclotides including six strictly conserved Cys residues that form the cyclic cystine knot motif, a highly conserved Glu residue in loop 1 and an Asn residue at the ligation site in loop 6. The newly isolated cliotides consist of four M€ obius, two bracelet and two hybrid cyclotides.
RNA-seq analysis reveals novel cyclotide transcripts
To obtain a more comprehensive analysis of cliotide gene expression in C. ternatea and to further investigate the sequence diversity and bioprocessing, we performed transcriptomic analysis of the root and flower using Illumina technology. For the root sample, 64.6 million clean reads were assembled using TRINITY to produce a transcriptome of 137 334 contigs with an average length of 352 nucleotides. For the flower sample, 229.3 million clean reads were assembled using Trinity to produce a transcriptome of 92 595 contigs with an average length of 1026 nucleotides. BLAST search resulted in identifying 38 novel cyclotide precursors (ctc13-ctc53). Table 2 shows the translated sequences of the cyclotide domain from these precursors, together with previously identify sequences in C. ternatea. Six precursors contain mature domains identical to the newly identified cliotides, i.e. cT13, cT15, cT17, cT18, cT19 and cT21, and they are numbered accordingly. The numbers of reads for the identified cliotides are provided in Table 3 . Interestingly, there are several unusual sequences among the identified cyclotide domains. Three sequences lack the highly conserved Glu residue within loop 1, namely ctc42, ctc43 and ctc50. Notably, ctc21 and ctc42 possess the shortest loop with only three residues as compared with the usual four residues. On the other hand ctc50 produces a cyclotide with five residues within loop 2, which is one residue longer than most cyclotides. The other unusual precursors include ctc22, ctc37 and ctc38. Based on the absence of the essential Asn/Asp at their C-termini, the bioprocessing will likely give rise to acyclotides, which are linear variants of cyclotides [41] . The transcriptome data also revealed several highly cationic cliotides, especially those encoded by ctc24 and ctc25 with a net charge of +7, the highest known for a cyclotide thus far.
It is noteworthy that the sequence of cT17 is identical to Cter I except that an Ile is reported at position 30 (I30) for Cter I whereas it is Leu (L30) in the case of cT17. As transcriptome sequencing is able to unambiguously identify isobaric residues, it is likely that Cter I and cT17 are the same cyclotide with L30 instead of I30.
Antibacterial activity
We previously reported that the cationic bracelet cliotides such as cT1 and cT4 are antimicrobials and they act specifically against Gram-negative bacteria [16] . Here we tested a panel of the newly isolated cliotides (cT13-cT21) and cT7, a previously identified bracelet cliotide present in the highest concentration in C. ternatea root, against E. coli (Gram-negative) and S. aureus (Gram-positive) using radial diffusion assay. The antimicrobial peptide tachyplesin-1 (TP-1) was used as positive control [42] . Five out of eight cliotides tested displayed potent activity against E. coli, especially the cationic cliotides cT15, cT19 and cT20, which display minimal inhibitory concentrations (MICs) in the submicromolar range (Table 4 ). However, when tested in a high-salt condition (M€ uller-Hinton broth supplemented with 100 mM NaCl), their activities were reduced. The selected panel of cliotides was inactive against S. aureus up to a concentration of 100 lM.
The most cationic antibacterial cliotides, cT15 and cT20 (MIC = 0.5 lM), were chosen to study their mechanism of action against E. coli by two approaches. First, we used colony counting assay to assess the bacteriostatic and bactericidal activities of the cliotides. Interestingly, cT15 and cT20 displayed distinct modes of action. As shown in Fig. 4 , the number of viable colony-forming units (CFUs) after treatment with cT15 (red circles) dropped sharply after 1 min, with complete killing at 5 min, whereas cT20 showed a slower killing kinetic with complete killing achieved at 300 min. TP-1 displayed a very similar killing profile to cT15. Second, we used atomic force microscopy (AFM) to directly observe the effects of cliotides on bacterial surfaces. Live scanning of E. coli was carried out under aqueous conditions to monitor the real-time activity of cliotides. Log-phase E. coli cells suspended in a droplet of 10 mM sodium phosphate buffer were permitted to adhere to poly-L-lysine-coated glass slide (Fig. 5A) . The bacteria were imaged for approximately 10 min before injection of cT20 into the droplet to ensure that the cells stayed fixed to the surface and that cell morphology was not altered by the AFM probe or the poly-L-lysine. Cliotide T20 was added at t = 0 min to a final concentration of 2 lM. Images were recorded every 1.5 min. As shown in Fig. 5A , a dividing E. coli appeared smooth before the addition of cT20 (at t = 0 min). Within 1.5 min of cT20 addition, an apparent change on the bacterium's surface was observed: the upper daughter cell became corrugated and the lower one developed a bulge near the junction of the two cells. During the scanning period, the corrugation level increased and the bulge became slightly bigger. Cell division was also arrested, as no cytokinesis was observed after 55.5 min of imaging. A similar procedure was carried out for treatment with cT15. However, upon injection of cT15 into the droplet, E. coli cells became too unstable to acquire clear images.
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Hence, we conducted AFM imaging of air-dried E. coli cells after treatment with cT15 (Figs 5B and 6). Log-phase E. coli was suspended in 10 mM sodium phosphate buffer and treated with different concentrations of cT15. A droplet of treated cells was placed on poly-L-lysine-coated glass slide, let dry at room temperature and scanned with AFM. A representative image of two bacteria is shown for the treatment with 2.5 lM cT15. Surface corrugation and debris resulting from cell content leakage were evident. Massive leakage was seen at one apical end and outer membrane collapse at the other end. At high concentration (5 lM), cT15 caused membrane disintegration and total lysis of the bacterial cells.
Immunostimulating activity of cationic cliotides
Many cationic antimicrobial peptides have also been known to display potent immunomodulatory effects due to their unique combination of immunostimulating and anti-inflammatory properties [43] . To determine the immunomodulatory activities of cationic cliotides, we monitored the secretion of various cytokines by human monocytic THP-1 cells upon treatment with three cationic cliotides, cT7, cT19 and cT20. The cells were either treated with the cliotides only, or prestimulated with lipopolysaccharide (LPS) for 2 h and subsequently treated with the cliotides for 6 h. The cliotides were noncytotoxic at the concentration tested (Fig. 7) .
Secretion levels of IL-8 and tumor necrosis factor a (TNF-a) were measured in the supernatant of THP-1 cells treated with 1 lM of each cliotide with or without LPS prestimulation using ELISA (Fig. 8) . In the absence of LPS prestimulation, the cliotides generally increased the basal secretion levels of IL-8 and TNF-a, but to a much lesser extent than LPS. In cells prestimulated with LPS, a marked increase in the secretions of IL-8 and TNF-a upon treatment with cliotides was observed. IL-8 levels in the groups treated with cT7, cT19 or cT20 increased by 2.6-, 2.8-and 1.6-fold, respectively, compared with the prestimulated cells without cliotide treatment. TNF-a production was also increased by 5.6-, 7.1-and 1.2-fold for cT7, cT19 and cT20 treatments, respectively. In order to explore a more complete picture of cytokine secretion following cyclotide treatment, a Bio-Plex assay was performed to measure 26 cytokines in a single sample well. The cyclotides tested included cT7, cT19, cT20 and the prototypic kalata B1 (kB1) at 1 lM. Data obtained were normalized against control samples (buffer-treated only) and log 2 of fold change was calculated. As shown in the heatmap in Fig. 9A , hierarchical clustering distinguished two main groups of cytokines. The first group consisted of cytokines that are 'highly upregulated' upon LPS treatment, including IL-1b, TNF-a, monocyte chemoattractant protein (MCP)-1, IL-8, macrophage inflammatory protein (MIP)-1a, MIP-1b and interferon c-induced protein (IP)-10, which are pro-inflammatory cytokines and chemokines. The second group comprised two subgroups. The first subgroup contained cytokines that are 'moderately upregulated' such as the chemokine RANTES (regulated upon activation, normal T-cell expressed, and secreted) and anti-inflammatory cytokines IL-10 and IL-1ra. The second subgroup included mainly growth factors, whose secretion levels showed 'little change' after LPS stimulation.
Treatments were also divided into two groups according to their ability to induce cyctokine secretion: one without LPS prestimulation (left branch) and one with LPS prestimulation (right branch). In both groups, cT7 and cT19 were found to be different from cT20, kB1 and control samples, due to their distinct patterns of cytokine induction. Cliotide T7 and cT19 markedly increased the secretion of cytokines in the 'highly upregulated' and 'moderately regulated' groups, whereas cT20 and kB1 did not significantly alter the cytokine levels. Cytokines showing ≥ 2-fold change upon treatment are shown in Fig. 9B ,C. The most remarkable examples include the chemokine MIP-1b with an increase of 120-and 90-fold when treated with cT7 and cT19, respectively (without LPS stimulation), and the pro-inflammatory cytokine IL1b, the level of which was 20-fold higher when treated with cT19 (with LPS stimulation). The absolute concentrations of measured cytokines are provided in Figs 10 and 11 .
Discussion
The present study reports the discovery of novel cyclotides in the butterfly pea Clitoria ternatea and shows that they possess antibacterial and immunostimulating activities. These cyclotides, collectively referred to as cliotides, retain the characteristics of cyclotides such as six strictly conserved Cys and their spacing and yet display a high degree of sequence diversity, especially in loop 3, 5 and 6. As a result, the bioactivities they displayed in our assays also vary greatly, from non-antibacterial to bactericidal and from immunosuppressing [26] to immunoenhancing. Therefore, cyclotides can be regarded as a combinatory library of naturally occurring miniproteins not only in sequence but also to a lesser extent in function.
We combined proteomic methods and transcriptomic data mining to discover new cyclotide sequences in C. ternatea. Using this approach, nine novel cyclotides were isolated and 38 new putative cyclotide precursors were identified. Together with the sequences reported in previous work [16, 35, 37] , this brings the number of cyclotides discovered in C. ternatea to 67 sequences, making it the plant species that possesses the second highest number of unique cyclotide sequences so far (the richest being Viola tricolor with over 160 sequences [39] ). Remarkably, C. ternatea also produces a large amount of cyclotides, which yields approximately 1 gÁkg À1 of fresh plant materials. Apparently, the plant needs to utilize a considerable amount of resources and energy for the production of such a diverse and abundant suite of cyclotides. This strongly suggests the importance of cliotides in C. ternatea and of cyclotides in other plants in general. They likely play the role of defense molecules against pathogens and pests. Intriguingly, all cliotide precursor sequences share the same architecture with those previously identified in C. ternatea. They have an arrangement different from those from Violaceae, Rubiaceae and Solanaceae families (Fig. 12A) . Although sharing low sequence homology, most known violaceous and rubiaceous cyclotide mRNAs are remarkably similar in terms of domain composition and arrangement [44] . In contrast, cliotide transcripts feature the arrangement of a legume albumin, which is a common class of cysteinerich peptides in legume species. A legume albumin precursor consists of four domains in the following order: ER, A1b, A1a and C-terminal tail [45, 46] . In cliotide precursors, the cyclotide domain appears to 'replace' the A1b domain, while the other domains are preserved (Fig. 12A) . Therefore, they have been described as 'chimeric genes' [16, 37] .
This unusual arrangement prompted us to detect the presence of A1b in C. ternatea; however, we were not able to identify A1b or A1b-like peptide at both protein and mRNA levels. Similarly, A1a peptides were not detected also even though they are present in all precursors, and are readily detectable in other Fabaceae species screened (data not shown). It is possible that they are degraded, modified or expressed at very low level in C. ternatea. However, their conservation throughout the cliotide precursor suite implies that A1a may play an important role in the production of cliotides. In fact, studies aiming to express A1b in transgenic plants and bacteria have shown that transforming with cDNA containing only A1b domain resulted in no or very low expression, and often misfolded A1b. However, when full length cDNA that consisted of both A1b and A1a was used, the production of biologically active A1b could be achieved [47] . It is postulated that A1a may act as a chaperone that aids the correct folding of A1b. Although it has been demonstrated that a protein-disulfide isomerase is responsible for the oxidative folding of cyclotides [48] , we do not rule out the possibility that A1a may also aid in the folding of cliotides in C. ternatea.
Sequence logo comparison of the cliotide precursors with those from the Rubiaceae, Violaceae and Solanaceae showed that their proto-C-terminal processing sites display marked differences (Fig. 12B) . In cliotide precursors, two residues immediately downstream of The asterisks denote significant differences between treated cells and control cells (*P < 0.05, **P < 0.01, ***P < 0.001).
the C-terminal residue in the cyclotide domain, which are usually referred to as position P1 0 and P2 0 , are highly conserved. This His-Val/His-Ileu dipeptide motif is thought to be important for the cyclization of cliotides by the dedicated asparaginyl ligase butelase 1 [49] [50] [51] [52] , which has been reported recently by our laboratory. Butelase 1 belongs to the asparaginyl endopeptidase (AEP) class. AEPs are Asx-specific proteases that process peptide sequences at an Asn/Asp (Asx) residue. In contrast, butelase 1 is a ligase that cleaves after Asx and ligates it with the N-terminal amino acid to form the characteristic cyclic backbone of cyclotides. This essential Asx residue is absolutely required for successful cyclization, since sequences lacking it are destined to be bioprocessed only to linear variants of cyclotides [53] . There are three putative acyclotides in our transcriptome profile, namely ctc22, ctc37 and ctc38. With the exception of these three transcripts, all other cliotide precursors possess the essential Asx residue together with the highly conserved His-Val/Ile dipeptide motif (known as position P1 0 and P2 0 ) at their proto-C-terminal processing sites. This is thought to be important for the cyclization of cliotides by butelase 1, especially the Val/Ileu at position P2 0 . Interestingly, this position is usually occupied by a conserved Leu in rubiaceous and violaceous cyclotide precursors, which indicates a different preference of the AEP(s) that catalyzes cyclization in these plants [54] .
Our results also highlight the molecular diversity of cyclotides as shown by their extensive variation in loop sizes and residue compositions. Except for the six Cys that make up the cystine knot, none of the residues in the cyclotide framework are absolutely conserved, including the Glu in loop 1 that is thought to play a key role in cyclotide stability [55] . For example, in the putative cyclotides cT42 and cT43 from precursor ctc42 and ctc43, respectively, the conserved Glu is replaced by a Ser residue. So far, only four similar sequences have been reported, of which three are only identified at transcript level [34, 56, 57] . Cliotide T42, cT43 and four other cliotides, namely cT13, cT14, cT21 and cT46, also possess an unusual motif at the cyclization site in loop 6. In these cliotides, cyclization happens between a conserved Asn at the C terminus and an unusual Asp at the N terminus (position P1″) of the cyclotide domain instead of a conserved Gly/ Ser. An Asp residue at this position has only been found in one violaceous cyclotide, cycloviolacin O25 [40] , whereas most cyclotides contain a Gly or Ser [27] . It is worth noting that cT13 and cT14 are bracelet cyclotides, whereas cT21, cT42, cT43 and cT46 are hybrid cyclotides, and hence they formed separate clusters when a phylogenetic tree was built to visualize the relationship between cliotide sequences (Fig. 13) .
The large number and highly diverse suite of cyclotides in C. ternatea suggest that they play an important role in the plant's physiology, most likely as host defense molecules. Plants do not possess an adaptive immune system; therefore, generating a plethora of innate immunity proteins is an effective strategy in combating pests and pathogens while minimizing their development of resistance. Not surprisingly, the cationic cliotides selected in this study, such as cT15, cT19 and cT20, display multifunctional properties as both antibacterial and immunomodulating reagents. Interestingly, despite their high abundance in the root, they do not appear to affect nitrogen fixing bacteria, as indicated by a large number of nodules present. It is also worthwhile to mention that cliotides cT24 and cT25 encoded by ctc24 and ctc25 found in the cliotide transcriptome are highly novel. They are Arg-rich cyclotides with eight Arg residues and a net charge +7. They are also far more basic than the cationic cliotides such as cT15 and cT19 selected for this study.
The cationic cliotides were tested against E. coli (Gram-negative) and S. aureus (Gram-positive). The data obtained further confirmed our previous observation that selected members of the cationic cliotides are specific against Gram-negative bacterial strains with MIC values in the low micromolar range, while inactive towards Gram-positive bacteria. This difference is probably due to the distinct architecture in the cell envelopes of the two bacterial groups. The envelope of Gram-negative bacteria consists of an outer membrane rich in highly anionic LPS and a thin peptidoglycan layer. Gram-positive bacteria lack the outer membrane but possess a thick peptidoglycan cell wall that may prevent cliotides from translocating into the cell and interacting with the cytoplasmic membrane. Cumulative evidence in the literature suggests that cyclotides exert their effect either through membrane perturbation [58, 59] or acting on receptors such as G proteincoupled receptors [60] . In this study, we postulated that cationic cliotides exert antibacterial activity towards Gram-negative bacteria by disrupting their outer membrane.
It appears that the antibacterial potency correlates well with net charge, i.e. cationic cliotides with higher positive charges tend to have lower MIC values and vice versa. For example, the highly charged cT15 (+4), cT19 (+4) and cT20 (+3) possess the lowest MICs, whereas the negatively charged cT13 (-1) and cT14 (neutral) are inactive. In high ionic strength condition, the activity of all cationic cliotides was attenuated. Only cT15 remained moderately active at MIC of 2.5 lM. This agrees with other studies that cationicity is important for the electrostatic attraction to the negatively charged phospholipid membrane of microbes of antimicrobial peptides, which play crucial roles in the initial stage of the antibacterial mechanism [61] . This salt-sensitive property is the main drawback that has limited the use of antimicrobial peptides in clinical contexts.
It is interesting to note that the cationic cliotides display distinctive killing kinetics, as shown by time kill assay (Fig. 4) and AFM scanning (Fig. 5) . A rapid kinetics was observed for cT15, which exerts its effect by immediately lysing the bacterial membrane, whereas cT20 displays a slower kinetics and a more gradual membrane perturbation process. Hence, the antibacterial activity of cationic cliotides may not depend solely on the net charge but also on their sequences and tertiary structures. Upon electrostatic binding to bacterial membrane, it is widely accepted that antimicrobial peptide molecules must accumulate on the bacterial surface to a threshold concentration that allows further stages to happen [43] . When the threshold is reached, hydrophobic interactions between non-polar residues of the peptide and hydrophobic tails of the phospholipid molecules enable peptide insertion into the membrane [61] . Our data are in agreement with this postulate. As shown in the AFM images, bacterial surface corrugation is apparent. This wrinkling effect is caused by an increase in surface area due to cyclotide incorporation into the membrane [62] . Membrane protrusions (blebs) are also clearly visible (Fig. 5A) , suggesting a local disintegration of the outer membrane and the peptidoglycan layer underneath, most likely due to cyclotide insertion and translocation through the membrane. In general, blebs could be found predominantly at the apical ends of the bacteria. This can be explained by the distribution of anionic cardiolipin domains, which are enriched at the poles of bacteria, presenting highaffinity targets for the cyclotides. These promising results suggest that the cationic cliotides can also be used as part of a pharmaceutical formula comprising one or more of the cliotides and a conventional antibiotic. The cliotides can act as potentiators to enhance the antibiotic's efficacy, or to reduce the effective doses of the antibiotic and hence lower the risk of drug resistance and the antibiotic's side effects. Several cationic cyclotides from C. ternatea exhibit immunomodulatory activity, which is an underexplored aspect in the pharmacological profiling of cyclotides. So far, there have been only two studies on kB1 and its mutants of their anti-proliferative effect on human peripheral blood mononuclear cells and human lymphocytes [26, 63] . It was suggested that the kB1 mutant (T20K) exerts its effect by decreasing the expression of IL-2 and its receptor. In our study, kB1 as well as cT20 displayed little effect on cytokine secretion levels. In contrast, the cationic cliotides, cT7 and cT19, were able to enhance the secretion of various chemokines (MCP-1, IL-8, MIP-1a, MIP-1b, IP-10, RANTES) and cytokines, both pro-inflammatory (TNF-a, IL-1b) and anti-inflammatory (IL-1ra, IL-10). This enhancement holds true for both resting and LPS-stimulated monocytic cells. In the unstimulated state of THP-1 cells, cliotides increased the basal level of these cytokines, although this response was substantially lower compared with the response to LPS. This difference in the ability to enhance cytokine secretion between the tested cyclotides can be accounted for by a number of factors, including primary sequence, 3D structure, distribution of charged residues and hydrophobic patches. It also demonstrates that among the highly diverse cyclotide family, each cyclotide possess a unique set of functions that should not be generalized for the whole class.
Our data for cliotides cT7 and cT19 are consistent with other reports on the ability of cationic antimicrobial peptides such as human defensins (human neutrophil peptide; HNP), as well as other cationic host defense peptides such as LL-37 and protegrins, in inducing chemokine and cytokine production [64] [65] [66] . For example, the level of TNF-a enhancement ranges from 1.4-to 3-fold, and the level of IL-1b increases 1.5-to 3-fold when activated human monocytes are treated with HNP [64] . Therefore, the upregulations of TNF-a (1.2-to 7.1-fold) and IL-1b (20- cliotides are likely physiologically significant. Furthermore, HNP can also induce production of MIP-1a and MIP-1b, the ligands for CCR5 in macrophages, to block HIV binding to CCR5 and prevent replication of the virus [67] . Similarly, we showed that cliotides cT7 and cT19 increased the secretions of these chemokines and cytokines. This suggests that cyclotides are capable of enhancing the immunity when microbial invasion occurs. The increases in the secretion of these effector molecules thus aid in the killing and removal of pathogens.
The immune-enhancing property of certain cationic cliotides resembles the effect of an adjuvant. Adjuvants are usually non-immunogenic compounds that augment immune response against the vaccine antigen. They can function by various mechanisms. They may act by prolonging the release of antigen at the site of injection, thus allowing sufficient time for uptake by antigen-presenting cells. They may also function by attracting cells of the immune system to the site of injection or by stimulating production of cytokines and mediators by macrophages, which then activate humoral and cell-mediated immunity. The net result is that an adjuvant stimulates the immune system to respond more vigorously with a lower dose of antigen [68] . Only a few studies have been made on protein-based adjuvants. It was reported that defensins might act as enhancers for adaptive immunity [69] . From our study, we envision that certain cationic cliotides may function as adjuvants to promote immune response.
It is noteworthy that in contrast to the antibacterial activity that usually gets attenuated in high ionic strength conditions [15] , cationic cliotides' immunostimulating effect is not affected by physiological concentrations of ions as well as serum proteins. Thus they may still act as anti-infective agents in vivo by regulating the immune system. There have been studies on this immunomodulatory activity of herbal plants, but the postulated active ingredients are small molecules [70] [71] [72] . This work is the first report on plant-derived peptides that are capable of immunostimulating.
In conclusion, our data show the vast sequence diversity of a suite of cyclotides produced by C. ternatea as well as their functional diversity. We demonstrate their antibacterial activity and provide the first evidence of immunostimulating effect of these cyclotides. We show that all identified cliotide precursors share the same chimeric architecture, with the cyclotide domain occupying the position of albumin-1 chain b in the conventional legume albumin-1 gene. Cationic cliotides are strong antibacterial agents against Gramnegative bacteria such as E. coli, and likely exert their effect by perturbing the outer membrane of the bacteria. Remarkably, several cationic cliotides possess immunostimulating ability, which increases chemokine and cytokine production in human monocytic cells, suggesting their therapeutic potential could be immunomodulation. Together, these findings provide useful insights for developing cliotides, and cyclotides in general, as novel peptide therapeutics.
Materials and methods
Isolation and purification of cyclotides
Fresh C. ternatea plants (~1 kg) were collected from the Herb Garden of the School of Biological Sciences, Nanyang Technological University (NTU), Singapore and homogenized with 5% ethanol. After filtration, the extract was subjected to a flash chromatography column packed with C18 material (Grace Davison, Grace, Columbia, MD, USA). The column was washed with 20% ethanol and eluted with 80% ethanol to obtain the cyclotide-enriched fraction. This fraction was diluted to a final concentration of 40% ethanol and pass through a flash chromatography column packed with SP Sepharose strong cation exchange powder (GE Healthcare Life Sciences, Buckinghamshire, UK) to further remove pigments and concentrate highly charged peptides. The column was washed with buffer A (10 mM NaH 2 PO 4 , 20% ethanol, pH 4.0) and eluted with buffer B (1 M NaCl, 10 mM NaH 2 PO 4 , 20% ethanol, pH 4.0). The eluted fraction was subjected to preparative high performance liquid chromatography (HPLC) on a Shimadzu system (Kyoto, Japan) with a C18 Vydac (Grace) column (250 9 21 mm) at a flow rate of 8 mLÁmin
À1
. A linear gradient of 1% min À1 of 0-80% buffer B (100% acetonitrile, 0.05% trifluoroacetic acid) was applied and the eluents were monitored by UV detection at 220, 254 and 280 nm. The fractions obtained were repurified by semipreparative HPLC with a C18 Vydac column (250 9 10 mm) at a flow rate of 3 mLÁmin À1 with the same gradient to isolate individual cliotides. Purity of each cliotide was determined by UPLC (Shimadzu) that showed a single peak.
Concentrations of the purified cliotides were measured using the IMPLEN nanophotometer according to the formula [73] :
where W is Trp and Y is Tyr. The samples were then stored at À20°C.
De novo sequencing with MALDI-TOF MS/MS
Twenty micrograms of each peptide was dissolved in 100 lL of ammonium bicarbonate buffer (100 mM, pH 7.8) containing 10 mM dithiothreitol and incubated for 1 h at 37°C. Two-fold excess of IAA over the total thiol was added and incubated for 1 h at 37°C. S-alkylated peptides were purified by HPLC. Lyophilized S-alkylated peptides were dissolved in 5 lL ammonium bicarbonate buffer (20 mM, pH 7.8) and incubated with endoGlu-C, trypsin or chymotrypsin (Roche, Basel, Switzerland) at a final peptide-to-enzyme ratio of 40 : 1 for 1 h. Peptide fragments resulting from the digestions were first examined by matrixassisted laser desorption/ionization-mass spectrometry (MALDI-MS) followed by MALDI-MS/MS analysis using a 4800 Proteomics Analyzer (Applied Biosystems, Framingham, MA, USA) MALDI-TOF/TOF mass spectrometer. Primary peptide sequences were obtained by interpretation of the b-ions and y-ions fragments. Assignments of isobaric residues Ile/Leu and Lys/Gln were based on enzymatic digestion patterns and homology to known cyclotides.
High-throughput RNA-seq
Total RNA was extracted from fresh C. ternatea roots and flowers grown at the School of Biological Sciences, Nanyang Technological University, Singapore using Trizol reagent (Life Technologies, Gaithersburg, MD, USA). The RNA quality was determined with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The sequencing and analysis were performed by BGI-Senzhen (Shanghai, China) for the root sample and by Macrogen (Seoul, Korea) for the flower sample. Briefly, poly(A) mRNA was isolated from total RNA using magnetic beads with oligo(dT) and fragmented in fragmentation buffer. First-strand cDNA was synthesized using random hexamer primers, which was followed by second-strand cDNA synthesis. Short fragments were purified and resolved with EB buffer for end reparation and single nucleotide A (adenine) addition. Suitable fragments were selected for PCR amplification. Finally, the library was sequenced using an Illumina HiSeq 2000 (San Diego, CA, USA). Raw data were analyzed and assembled using TRINITY (release 20121005 for BGI and release 20140717 for Macrogen). BLAST search of the transcriptome data was performed using TBLASTN with cT1 (GIPCGESCV-FIPCITGAIGCSCKSKVCYRN, a bracelet cyclotide) and cT19 (GSVIKCGESCLLGKCYTPGCTCSRPICKKN, a M€ obius cyclotide) sequences as queries. The sequence logos were built with WEBLOGO [74, 75] with the following 83 precursor sequences taken from Cybase [27] : kalata B1, kalata B2, kalata B3, kalata B7, cyclotide k1, hcf-1, cyclotide c1, cyclotide c2, cyclotide c3, violacin A, tricyclon, Viola baoshanensis cyclotide precursor 1, Viola baoshanensis cyclotide precursor 2, Viola baoshanensis cyclotide precursor 3, Viola baoshanensis cyclotide precursor 4, Viola baoshanensis cyclotide precursor 5, Viola baoshanensis cyclotide precursor 6, Viola baoshanensis cyclotide precursor 7, Hyfl D, Hyfl E, Hyfl I, Hyfl J, Hyfl K, Hyfl L, Hyfl M, Hyfl P, Mra4, Mra13, Mra14, Mra15, Mra17, Mra18, Mra19, Mra20, Mra21, Mra22, Mra23, Mra24, Mra25, Mra26, Mra28, Mra29, Mra30, Vbc1, Vbc2, Vbc3, Vbc4, Vbc5, Vbc6, cyclotide precursor 1a, cyclotide precursor 1b, cyclotide precursor 1c, cyclotide precursor 2a, cyclotide precursor 2b, cyclotide precursor 2c, cyclotide precursor 2d, cyclotide precursor 2e, cyclotide precursor 3a, cyclotide precursor 3b, cyclotide precursor 3c, cyclotide precursor 3d, cyclotide precursor 4a, cyclotide precursor 4b, cyclotide precursor 4c, cyclotide precursor 6b, cyclotide precursor 6c, cyclotide precursor 6d, cyclotide precursor 7b, cyclotide precursor 7c, Val -1, Vaf-1, Vpl-1, Vpf-1, Gbc1, Gbc2, Gbc3, Gbc5, Gbc6, Gpc1, Gpc2, Gpc3, Gpc4.
Preparation of bacteria
Escherichia coli ATCC700926 and Staphylococcus aureus ATCC12600 were obtained from the American Type Culture Collection (ATCC) and maintained on trypticase agar and cultured in trypticase soy broth (TSB; Becton-Dickinson, Franklin Lakes, NJ, USA).
Radial diffusion assay
A radial diffusion assay was performed as described by Lehrer et al. [76] . Nutrient-poor underlay gel was prepared by mixing 200 mL of 10 mM sodium phosphate buffer, 0.06 g of TSB powder and 2 g of agarose (1st Base Pte Ltd, Selangor, Malaysia) in a flask, autoclaved at 121°C for 2 h and stored in a water bath maintained at 42°C. Of this underlay mixture, 10 mL was inoculated with 4 9 10 6 CFUs and poured into each Petri dish. Serological pipettes and a vacuum pump were utilized to punch 2-mm wells into the gel. Cliotide samples (3.3 lL) were added into each well in varying concentrations (0, 6.25, 12.5, 50, 100 lM). Two replicates were made for each concentration. The Petri dishes were then incubated at 37°C for 3 h to allow diffusion of the peptides into the agarose. Autoclaved nutrient-rich overlay gel was prepared using 12 g of TSB powder and 2 g of agarose in 200 mL of Milli-Q water to obtain double-strength (29) TSB, stored at 42°C and poured over each underlay gel. The Petri dishes were incubated at 37°C overnight. Diameters of the clear zones surrounding the wells were recorded the following day.
Microbroth dilution assay
E. coli cells at a density of 4 9 10 5 CFUÁmL À1 suspended in full-strength M€ uller-Hinton broth supplemented with 100 mM NaCl were incubated with varying concentrations of cT7, cT15, cT16, cT19, cT20 and tachyplesin-1 (synthesized by our lab) ranging from 1 to 20 lM in a 96-well polypropylene plate (Greiner Bio-One, Kremsm€ unster, Austria). The plate was incubated at 37°C for 24 h. The MIC value of each peptide was taken as the concentration of the well with no visible growth.
Plate count assay E. coli cells at a density of 4 9 10 5 CFUÁmL À1 suspended in 10 mM sodium phosphate buffer were incubated with 2 lM of cT15 or cT20. Subsequently, 10 lL of the treated culture at 1, 5, 10, 30, 60, 120 and 180 min was removed, serially diluted and spread across tryptic soy agar plate in duplicates. The number of colonies was counted after overnight incubation and the survival index (SI) was calculated as percentage of survival compared with untreated control.
Atomic force microscopy scanning
The samples were scanned with Dimension FastScan (Bruker Corp., Billerica, MA, USA) atomic force microscopy (AFM). In a live scanning experiment, log-phase E. coli cells at a density of 1 9 10 6 CFUÁmL À1 suspended in a droplet of 10 mM sodium phosphate buffer were let adhere to a poly-L-lysine-coated glass slide and monitored over time. The bacteria were imaged for approximately 10 min. Cliotide T20 was then added to the droplet at t = 0 min to a final concentration of 2 lM. Images were recorded every 1.5 min. In a dry scanning experiment, log-phase E. coli cells at a density of 1 9 10 6 CFUÁmL À1 were suspended in 10 mM sodium phosphate buffer and treated with 2.5 or 5 lM of cT15 for 30 min. A droplet of the control or treated samples was put on a poly-L-lysine-coated glass slide and air-dried at ambient condition.
Preparations of cells and treatment with cyclotides
THP-1 human acute monocytic leukaemic cells were a gift from A. Law (School of Biological Sciences, NTU, Singapore). These cells were first cultured in culture flasks containing 10 mL of RPMI medium (Thermo Scientific Hyclone, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS) and 1% penicillin and streptomycin at 37°C, 5% CO 2 . They were cultured for a few days until the desired density was reached. Cells were counted by light microscopy using a hematocytometer. Dilutions of cell culture were made with the same medium to achieve 10 6 cellsÁmL À1 per well in a 24-well plate. The cells were treated with either 0.1 lgÁmL À1 lipopolysaccharide (LPS) alone, with different concentrations of cliotides (cT7, cT19, cT20) alone, or prestimulated with 0.1 lgÁmL À1 LPS for 2 h and then treated with different concentrations of cliotides (cT7, cT19, cT20) for 6 h. The supernatant was collected by centrifugation at 400 g for 10 min and stored at -20°C until assayed.
Enzyme-linked immunosorbent assay
ELISA was used to monitor the levels of secretion of cytokines by THP-1 cells after the treatments. Levels of secreted IL-8 and TNF-a were assessed. The experimental procedures were executed according to the protocol described in the manufacturer's information booklet enclosed in the ELISA MAX Deluxe Sets (Biolegend, San Diego, CA, USA).
Bio-Plex assay
The above-mentioned supernatant of the THP-1 cells was further analyzed by Bio-Plex cytokine assay (Bio-Rad Laboratories, Hercules, CA, USA) for the quantitative measurement of multiple cytokines in a single sample. Twenty-six cytokines were monitored using Bio-Plex Pro Human Cytokine 27-plex kit (Bio-rad, Hercules, CA, USA), including IL-1b, IL-1ra, IL-2, IL-4, IL-6, IL-7, IL-8 (CXCL-8), IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, IFN-c, TNF-a, eotaxin (CCL-11), basic fibroblast growth factor, granulocyte-colony stimulating factor, granulocytemacrophage colony stimulating factor, platelet-derived growth factor (PDGF-BB), vascular endothelial growth factor, IP-10 (CXCL-10), MCP-1 (CCL-2), MIP-1a (CCL-3), MIP-1b (CCL-4) and RANTES (CCL-5). The assay was run on a 96-well filtration plate and protected from light. Briefly, differentially dyed magnetic beads, each coupled to a specific antibody, were incubated with 50 lL of cell supernatant, washed and subsequently incubated with biotinylated detection antibodies. After a final incubation with strepavidin-phycoerythrin, the resulting beadcaptured cytokine complexes were read by the Bio-Plex array reader using Luminex fluorescent bead-based technology (Luminex Corp., Austin, TX, USA). The data obtained were analyzed by BIO-PLEX MANAGER software with five-parametric-curve fitting for generating standard curves. The detectable range of each cytokine is from 30 fgÁmL À1 to 42 ngÁmL
À1
. Hierarchical clustering was performed using ARRAYTRACK software (Food and Drug Administration, Montgomery County, MD, USA).
Phylogenetic tree construction
The phylogenetic tree was constructed using all cliotide sequences determined in this work and from previous works [16, 35, 37] . The precursor protein sequences were aligned using CLUSTALX multiple alignment. The phylogenetic tree was generated using a bootstrap N-J tree method and visualized by TREEVIEW software.
Statistical analysis
Data were taken from multiple independent experiments performed in duplicate and presented as mean AE SD. The differences among each group were analyzed by one-way ANOVA followed by Dunnett's test using GRAPHPAD PRISM software (GraphPad Software, San Diego, CA, USA). P-values of < 0.05 were considered statistically significant. transcriptomic analysis; KHA contributed to cyclotide isolation and the ELISA experiment; PCD and JPT analyzed the data. KNTN and JPT contributed mainly to manuscript preparation. All the authors discussed the results and contributed to the writing of the manuscript.
